Clarinet, oboe, bassoon, tuba, flute, trumpet, trombone, French horn, and English horn tones have been synthesized with partials controlled by one spectral envelope (fixed for each instrument regardless of note frequency) and three temporal envelopes. Musically literate auditors identified natural tones with 85% accuracy and our synthesized tones with 66% accuracy; a number of the confusions were intrafamily. With intrafamily confusions tolerated in the scoring, the auditors identified natural tones with 94% accuracy and our synthetic ones with 77% accuracy.
INTRODUCTION

YNTHESIS and analysis are complementary tech-
niques for finding an aurally complete, nonredundant, and easily implemented representation of the tones produced by musical instruments. The aural identification of a musical instrument from its tones is independent, or nearly independent, of many variables of performance: the particular example used of a given instrument, the intensity with which the tone is produced, the note played, the acoustical environment, and so on. To the perceptual invariant of identification, there must correspond one or more physical invariants that characterize the sounds produced by an instrument that serve to identify and distinguish it aurally from other instruments. The aural significance of the physical invariants found in analysis can be assessed by the accuracy of identification of synthetic tones with systematic perturbations of the invariants. Because of the enormous number and range of the variables required, synthesis, to be fruitful, must be guided by analysis. Before examining the effects of perturbations, it is necessary to get reasonably close auditory approximations to the tones produced by musical instruments, and this is the subject of this paper for wind instruments. The matter of perturbations will be treated in a subsequent paper. Ability to characterize the tones of familiar instruments in a simple and aurally satisfactory manner enables the invention of more controllable and flexible means for producing the tones of these instruments and may enable the creation of new types of musical instruments having greater artistic capabilities than those presently available. Such an ability will probably bring some systematization and rationality to the creation and physical characterization of new sounds artistically useful in music--or will, at least, open avenues to such a systematization.
The use of the tones of conventional musical instruments, rather than arbitrarily generated signals, is advantageous, since such tones are easily generated, can be readily reproduced at will, and provide a standard, reasonably well-quantized and well-established set of timbres known to be musically useful, familiar to, identifiable by, and capable of being uniquely labeled by, a large body of musically literate auditors. Thus, we are provided with a means for testing the accuracy of any particular synthesis; the articulation score of musically literate subjects in identifying the instruments thought to produce the tones, or in distinguishing the artificial tones from those produced by natural means, provides a good measure of the accuracy of synthesis or the sensitivity of a parameter to perturbation.
There has been some analysis of the steady states, rather less of transients of instrumental tones, and a little synthesis. Fletcher •,•' and his associates at Brigham Young University have synthesized organ and piano tones. As regards piano tones, the choral effects arising from the presence of several strings at each note had to be reflected in the synthesis2 Since we are concerned only with the tones produced by single structures, no attempt is made here at examining the question of choral tones--which is itself regarded as a separate, massive subject. Fletcher et al. found the partials of organ tones to be harmonic for solo tones (excluding mixtures). 2 Risset, at Bell Laboratories, and his coworkers have synthesized trumpet tones with due regard to economy of specification and objectivity, and have found no evidence for inharmonic partials? Their system was such that they limited their synthesis to partials below 4000 cps, a fact that leads to a rather muffled, nonbrilliant character for their sounds. It appears that only the signals of high quality were presented to auditors. Freedman, at the University of Illinois, has described an analysis-synthesis scheme and has synthesized one tone for each of the following instruments' clarinet, trumpet, saxophone, bassoon, and violin) Freedman started from the wave equation and heuristically generalized his resulting representation, essentially to account for the properties of the sound source that are largely unknown. He then used time-limited Fourier transforms 4.5 to compute various parameters, at the expense of very great amounts of computer time. He did find inharmonic partials for the saxophone.
The Ideally, the mathematical representation of the pressure wave produced by a musical instrument should be complete enough so that pressure waves created from the representation and produced by the musical instrumen t are indistinguishable via the auditory process. Distinguishability by measuring methods other than the auditory process is regarded as irrelevant for our present purposes. Second, the representation should contain only elements having auditory significance in characterizing the tone. Though not necessary, it is highly desirable that the representation be readily generated in the laboratory to enhance its utility--with the principle of parsimony as a collorary. Synthesis from a scheme in which the Fourier coefficients are so calculated leads to discontinuities between successive cycles that are particularly pronounced when the amplitude changes from cycle to cycle are large. The amplitude changes are particularly great during the aurally important attack transient, and the resulting noise is objectionable. While the discontinuity difficulty could have been removed by several methods, the cost in machine time when this work was being performed (1962) would have been prohibitive. There are other objections to such procedures: They involve a specification of so much information that no useful purpose would have been served. We specifically seek to characterize many different tones of a musical instrument by as few parameters and principles as possible; otherwise, one has neither science nor utility. The principles and parameters must be tested against a number of notes of different frequencies for we have found that a specification that works in one range of an instrument does not always work so well in another r•gime. For example, it is found that the ratios of the amplitudes of the various partials during the pseudosteady state change with note frequency but that the spectral envelope of these partials is much more nearly constant. 6 Therefore, spectral-envelope control of the amplitudes of the partials was used. Again, the statistics associated with the production of a tone on a particular instrument--the in[ricacies of the radiation pattern both in direction and frequency--require analysis and complementary synthesis of many notes of each instrument.
Parsimony leads to the hypothesis, which must be experimentally checked, that an auditor is not really aware of all the detail involved in the complex-looking tones of musical instruments and, therefore, that some of the detail may be omitted without impairing the auditory completeness of the representation. We assume that the auditory process perceives only certain gross features of the signal, and it is one of our purposes to determine the least amount of information needed to characterize satisfactorily the signals aurally.
The temporal courses of each partial might be represented by a linear superposition of functions' the parameters specifying the superposition and the functions could then be used to characterize the temporal behavior of the partial in question. However, the analyses of Luce and Clark revealed such a variety of behavior that such a procedure appeared unnecessarily restrictive and cumbersome--and, at least, premature when their work was performed (1961).
Luce and Clark have found that the amplitudes of the partials, especially the more intense ones, of many instruments are nearly constant from cycle to cycle during the steady state and that the amplitudes of the partials of a particular instrument may be represented by a spectral envelope that is independent of the fundamental frequency. • Specifically they found that, for a particular instrument, if the amplitudes of the partials of a given frequency of all notes during the steady state are normalized to a common value, then the amplitudes of all other partials of all notes will follow a common function of frequency--i.e., will fall on one amplitude-versus-frequency curve. This curve is called the spectral envelope. Further, they found that this curve is nearly independent of the dynamic marking at which an instrument is sounded. In the case of the clarinet, two spectral envelopes must be used: one for even partials and one for odd.
The representation finally used for the sound- quency range between 0 and 8000 cps can be subdivided into three or fewer subregions, and the partials falling within any one subregion are placed in the corresponding group. Alternatively, the amplitude range of 50 dB can be divided into three or fewer subregions, and the partials within any one are placed in the corresponding group. Partials above 8000 cps are more than 40 dB down from the most intense ones for the wind instruments and are more or less masked, in addition to being discriminated against by the auditory process. The most intense partials usually fall into the group having the natural temporal envelope. The natural envelope N(t) was determined by the computer from the successive maxima occurring in each fundamental period. Values of the envelope between successive maxima were determined by linear interpolation.
The temporal envelopes for partials in Groups 2 and 3 were constructed from one or two of the following functions: The use of one temporal envelope was found to be insufficient, even though that envelope was provided by a natural tone. However, the tones with 30 partials do sound more natural than those produced by the Fourier-series method with only 11 partials.
There is some indication in the literature that the auditory process is somewhat sensitive to the static phases of a complex wave.
•6 However, our auditors were unable to distinguish between a synthetic trumpet tone of 277 cps with phases chosen to give three different In the case in which Luce and Clark found inharmonic partials for the oboe, it was determined by informal experimentation that when an inharmonic partial is sufficiently strong to be heard, the naturalness of the oboe tone is impaired. Inharmonic partials during the steady state that are dosely spaced around one or more of the harmonics (except those distributions resulting from or related to amplitude or frequency modulations) are regarded as the subject of choral tonesS,•7--a large topic in itself, not discussed in the present work. In other informal experiments to augment the lifelike characteristics of our tones, it was found that, in the particular manner used, initial frequency modulations and random amplitude modulations, when sufficiently intense to be heard, did not enhance the naturalness of the tones created. Consequently, our syntheses were concentrated on other aspects of tonal simulation. Nevertheless, we believe that Zitterbewegung, when properly created, will prove important, particularly to the string tones.
If the reader so chooses, he may regard the attack transient, including the blips for the brasses, as the result of the superposition of a large number of evanescent, closely spaced, inharmonic partials. For reasons of convenience, we do not choose such a representation.
II. CHARACTERIZATION OF THE SYNTHETIC TONES
In the present research, each synthesized tone is characterized by its spectral envelope, its natural and constructed temporal envelopes, and the division of the partials into groups. These quantities are listed in Table I © A blip appears during the attack transient of the lower tones on any brass instrument. This blip gradually vanishes with increasing frequency of the note played on any given instrument. Additionally, the blip tends to be somewhat larger for the low-pitched instruments than for the higher-pitched ones. The French horn has several blips during the attack transient for its lower tones. A blip was found to contribute to, and to be necessary for, the "bite" of the tones of brass instruments. STRO 
III. EXPERIMENTAL PROCEDURES
Tones of 700-msec duration were synthesized digitally by an IBM 7090 computer at MIT's Computation
Center. The 20 000 digital samples generated per tone at a rate of 28 000/sec excited a 12-bit, bipolar, digitalto-analog converter. Quantization noise was removed by a low-pass filter down by 3 dB at 10 kc/sec and by 54 dB at 20 kc/sec. The filter output was recorded on Ampex 611 professional recording tape by an Ampex 300 tape recorder running at 15 in./sec with NAB equalization. Several tones for each instrument were synthesized at representative frequencies for that instrument, as displayed in Table I .
The spectral envelope, the natural temporal envelope, the fundamental frequency, the variables that govern the division of partials into groups, and the information needed to construct the artificial temporal envelopes were read into the computer for each tone. The relative amplitudes of the partials were specified by the spectral envelope; the frequency or amplitude of a partial was used to classify it into its group. The partials in each group were combined with arbitrary phases, and their relative amplitudes were modulated with the temporal envelope peculiar to that group. Economy of computer time barred the generation of decay transients; these are of little aural importance to the characterization of nonpercussive tones. 7
For each of the 59 synthetic tones, a natural one of the same frequency and amplitude was provided with the same duration by amputating the decay transient and some of the steady state. The 118 tones were recorded in a known, random order, and were humerially labeled vocally. The tones were reproduced at an approximately normal level for each instrument by a KLH-9 full-range electrostatic loudspeaker in the MIT listening studio, designed to give diffusion for psycho- •8 (The subjects had, in fact, played instruments themselves, had a long history of exposure to music, and were familiar with orchestral instruments. Several had been used in other psychoacoustical experiments.) Each tone was repeated as many times as any auditor requested, but each subject gave, and was required to give, one and only one response to each tone. As can be seen from the confusion matrix of Table II, the subjects were well qualified.
IV. VALIDITY OF THE SYNTHETIC TONES
The responses of the auditors to the synthetic tones are displayed in Tables II and III. Table II is Table II reveals that synthetic brass tones tended to be confused with those of the double reeds, whereas the natural ones displayed no such confusion. In no case were synthetic brass tones identified as accurately as the natural ones. The trumpet and trombone tones showed nearly the same intrafamily confusions for both natural and synthetic tones. The synthetic tuba tones displayed more con- Synthetic bassoon tones were as good as the natural ones for identification, except for more intrafamily confusion with those of the English horn.
For a few of the synthetic flute tones, there was a marked tendency to identify them as those of the trumpet, probably owing to too fast an attack. Several other synthetic flute tones were as good as the corresponding natural ones for identification purposes.
Roundoff errors, and occasional failure of our subjects to respond in each case, account for the tallies' not summing to 100% in Table II.  Table III lists the frequency of each note of any instrument with which any synthetic tone was confused and gives a measure of the errors of our syntheses as determined by the auditory process at each particular frequency. For those cases in which there was any confusion the probability (in percent) with which any synthetic tone at the particular frequency listed was confused with a given instrument is shown in paren-STRONG AND CLARK theses. For example, of all synthetic tones created that purport to simulate those of the French horn at 175 cps, 25% were identified as those of the trombone, 13% as those of the tuba, and 12% as those of the bassoon. At such a low frequency, the confusions with tones of the trombone (or tuba) may not be regarded as serious, since the characteristics aurally distinguishing the horn from the trombone appear most strongly only above about 284 cps. However, the confusions with the bassoon would be regarded as serious if they were more probable. From Table III , we observe that, at particular frequencies, confusions with instruments other than those simulated had a probability of occurrence of 50% or more in the case of the tuba note at 220 cps (horn) and at 110 cps (bassoon); the French horn note at 115 cps (bassoon); the oboe note at 232 cps (English horn) and at 723 cps (clarinet); the bassoon at 154 cps and 203 cps (English horn in both cases); and flute at 542 cps (trumpet). The confusions outside a family are to be regarded as much more serious than those within the same family. We remark that the timbres of a number of instruments belonging to different families but having approximately identical instrinsic frequencies tend to converge at the extremely high end of their scales. With the list of fundamental frequencies at which notes were generated in Table I , we may summarize the confusions listed in Table III for synthetic tones 
